Engineering Test Satellite-VIII (ETS-VIII) is equipped with two large deployable reflectors (receiver (RX) and transmitter (TX) LDRs) that are deployed on orbit. The deployment sequence consists of two steps: one is the boom deployment step and the other is the reflector deployment step. The results of deployment at each step is monitored by a camera attached to the satellite. In order to deal with offnominal scenarios due to camera malfunctions, the boom deployment angle is estimated from the telemetry data obtained from the attitude and orbit control system (AOCS) as well as the images captured by the camera. This paper deals with the estimation of the boom deployment angle from the AOCS telemetry data; further, the results of the on-orbit deployment are presented.
Introduction
Engineering Test Satellite-VIII (ETS-VIII) is Japan's first 3-ton-class geostationary satellite equipped with two large deployable reflectors (LDRs). The LDRs are deployed on orbit by expanding their modules, and the reflectors form tennis-court-size (19 m×17 m) parabolic antennas. An objective of the satellite is to demonstrate mobile satellite communication system technology that will enable audio/data communications with hand-held terminals.
The H-IIA launch vehicle No. 11 (H-IIA F11) carrying ETS-VIII was successfully launched on December 18, 2006 from the Tanegashima Space Center. The critical phase was completed on December 26, 2006. The initial checkout phase was completed and the satellite was switched to the normal operation mode on April 25, 2007.
The LDRs were deployed on December 25, 2006. The deployment sequence mainly consisted of two steps: the deployment of the boom supporting the antenna reflectors and the deployment of the antenna reflector modules. In most satellites, a camera such as Deployment Monitor (DM) in ALOS 1) or OmniDirectional Vision system (ODV) in USERS 2) is attached and deployment status of the instruments onboard the satellite is monitored. Similarly, in ETS-VIII, the deployment result at each step was monitored by a camera attached to the satellite. In order to deal with off-nominal scenarios due to camera malfunctions, the boom deployment angle was estimated from the telemetry data obtained from the attitude and orbit control system (AOCS) as well as the images captured by the monitor camera. This paper deals with the estimation method for the boom deployment angle from the AOCS telemetry data. The remainder of this paper is organized as follows:
In Sec. 2, the overview of LDR deployment sequence is explained. In Sec. 3, two types of boom angle estimation methods from the AOCS telemetry data are proposed. Both methods are based on the law of conservation of angular momentum of the total system. One is the offline estimation method that uses the time-history data of the angular velocity of the satellite during boom deployment. The other method is the real-time estimation method that uses the attitude variation data of the satellite during boom deployment. In Sec. 4, the boom angle estimation results obtained during the onorbit deployment are presented. The conclusions are presented in Sec. 5.
LDR Deployment Sequence
LDR deployment has two main stages: the deployment of the booms and the deployment of the antenna reflectors. The antenna reflectors are supported by the booms. Table 1 shows an overview of the LDR deployment, and Fig. 1 shows an overview of the boom deployment. Step (i)
Step (ii)
Step (iii) Step (iv)
Step ( In steps (i-iv) of the boom deployment stage, the boom hinges of the transmitter (TX) and receiver (RX) are deployed one by one. This helps in simplifying the boom deployment sequence and confirming any possibility of the LDRs colliding at every step. In steps (i) and (ii), the preload springs that support the booms are released by firing. Then, boom hinge 1 of both TX and RX are deployed to some extent by the initial tension of the preload spring. In steps (iii) and (iv), these boom hinges are partially deployed to the nominal angle (30 degrees). In step (v), the residual angle of boom hinge 1 and boom hinge 2 of both TX and RX are deployed and the latch signals are confirmed. In step (v), TX and RX are deployed simultaneously.
In order to complete the boom deployment in step (v), it is necessary that the deployment angle of boom hinge 1 after step (iv) is more than 30 degrees and less than 55 degrees. This condition is imposed in order to avoid collisions between the LDRs and the power supply unit and between the RX and the TX LDRs.
In steps (i-iv) of the boom deployment sequence, the boom deployment angle was estimated from the AOCS telemetry data. By using these estimates, the boom deployment situation was immediately understood and it was decided whether the next step should be performed. The details of the boom angle estimation method is given in the following section.
Boom Deployment Angle Estimation
The boom deployment angle can be estimated based on the law of conservation of angular momentum of the total system. In the following, by using the formulation of the rigid multibody system 3) , two types of boom angle estimation methods are proposed.
Estimation from angular velocity data
The total angular momentum of the satellite in frame F B is obtained as follows:
where h Rj and h Tj are the angular momentum of the jth boom of RX and TX LDRs respectively. h W denotes the angular momentum of the reaction wheel assembly. The types of angular momentum are given as follows:
By substituting the above equations into Eq. (1) and rearranging it, the total angular momentum of the satellite is derived as follows:
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From the law of conservation of angular momentum, the total angular momentum of the satellite is conserved in the inertia frame F I :
By assuming that the conserved angular momentum is given by h 0 , the following relation holds from Eq. (2).
The boom deployment angle during deployment can be estimated by using relation (4) of the angular momentum conservation. For example, consider the boom deployment angle estimation in step (iii). In this step, the deployed hinge is only RX boom hinge 1. Then, the angular velocity during deployment satisfies the following relations.
The angular velocity ω R1B of boom hinge 1 is expressed by
where the third component of ω R1B corresponds to the rotational axis direction of the hinge. Then, from Eq. (4), the following relation between the rotational speeḋ θ R1 of RX boom hinge 1 and the angular velocity ω BI of the satellite body can be derived.
j R : the third column of the matrix
where the upper right superscript + represents the Moore-Penrose pseudoinverse. From Eq. (7), by using the values of ω BI and h W obtained during the deployment as the telemetry data, the value ofθ R1 of RX boom hinge 1 can be estimated. By integrating theθ R1 , the time history of the deployment angle of RX boom hinge 1 can be obtained. The estimation in step (iv) also follows the same procedure. In this case, the following relation holds.
Then, the relation betweenθ T1 of TX boom hinge 1 and ω BI can be derived. By using this relation,θ T1 of TX boom hinge 1 can be estimated. By integratingθ T1 , the time history of the deployment angle of TX boom hinge 1 can be obtained.
Estimation from attitude data
In the previous subsection, the boom deployment angle can be estimated offline by obtaining the time history of the angular velocity during deployment as the telemetry data.
The attitude variation during boom deployment can be confirmed real-time by the ground telemetry monitor. If the wheel unloading is accomplished before the deployment, the effect of the residual angular momentum can be ignored (h W , h 0 0). It can be deduced that the attitude variation of the satellite does not depend on the time history (trajectory) of the boom deployment angle 4) . Therefore, the boom deployment angle can be estimated real-time from the monitored attitude variation data. For example, consider step (iii) in the boom deployment sequence. In this case, the following relation holds from the law of conservation of angular momentum.
In the case of ω BI during deployment, the second component that corresponds to the rotational axis direction of the deployed hinge is dominant. Therefore, the value of ω BI during deployment is approximated as follows:
where the θ B represents the pitch angle of the satellite attitude.
By substituting Eq. (10) into Eq. (9) and extracting the pitch component, the following relation can be obtained.θ
where g(θ R1 ), which corresponds to the second component of the vectorĴ
is the function of the RX boom deployment angle θ R1 . From Eq. (11), the attitude variation dθ B is expressed in a differential form as follows:
For a dynamical system with zero angular momentum, the time variable dt can be dropped from the equation. According to Eq. (12), the attitude variation of the satellite body does not depend on the time history (trajectory) of the boom deployment angle. Therefore, by integrating Eq. (12), the relation between the pitch angle and the deployment angle of RX boom hinge 1 can be obtained as follows:
By using relation (13) before the deployment operation, the boom deployment angle can be estimated real-time from the monitored attitude variation data.
On-orbit Deployment Results
The deployment of LDRs was conducted on November 25, 2006 within the critical phase. The estimation results of the boom deployment angle are presented as follows. The estimation method proposed in section 3 was used to obtain these results. The wheel unloading was accomplished before the deployment. The boom deployment angle was estimated real-time from the monitored satellite attitude variation data, and the boom deployment situation was immediately understood. Table 2 shows the mass property of the satellite used in the deployment angle estimation. Fig. 2-1 shows the telemetry data (time history) of the satellite angular velocity in step (i) (RX preload spring release). The preload spring is released by firing at approximately 110 s and it leads to the variation in the pitch angular velocity. In this case, a pitch angle variation of 0.54 degrees was confirmed for the satellite body from the telemetry monitor. Fig. 2-2 (upper) shows the relation between the pitch angle variation of the satellite and the deployment angle of RX boom hinge 1, which is estimated in advance by the method proposed in subsection 3.2. The solid line shows the case in which the mass property of the satellite is given by a nominal value, and the dashed line shows the case in which an estimation error of ±10 % is considered for the mass property. The solid line in the nominal case shows that the estimated deployment angle that corresponds to an attitude variation of 0.54 degrees was obtained as 6.67 degrees. On the other hand, Fig. 2 -2 (lower) shows the time history of the boom deployment angle estimated using the method proposed in subsection 3.1. From this figure, the offline estimate of the boom deployment angle is given as 7.03 degrees. There is no significant difference between the real-time estimate and the offline estimate. Fig. 3-1 shows the telemetry data (time history) of the angular velocity of the satellite in step (ii) (TX preload spring release). The preload spring is released by firing at approximately 60 s and it leads to the variation in the pitch angular velocity. In this case, the pitch angle variation of the satellite was confirmed to be −0.44 degrees from the telemetry monitor. Fig.  3-2 (upper) shows the relation between the pitch angle of the satellite and the deployment angle of TX boom hinge 1, which was estimated in advance using the method proposed in subsection 3.2. From the nominal case shown in this figure, the estimated deployment angle that corresponds to an attitude variation of −0.44 degrees was obtained as 5.57 degrees. On the other hand, Fig. 3-2 (lower) shows the time history of the boom deployment angle estimated by the offline method. From this figure, the offline estimate of Fig. 4-1 shows the telemetry data (time history) of the angular velocity of the satellite in step (iii) (RX boom hinge 1 deployment). The boom deployment starts at approximately 80 s and it leads to a variation in the pitch angular velocity. In this case, the pitch angle variation of the satellite body was confirmed to be 2.52 degrees from the telemetry monitor. Fig. 4 -2 (upper) shows the relation between the pitch angle of the satellite and the deployment angle of RX boom hinge 1. From the nominal case shown in this figure, the estimated deployment angle that corresponds to an attitude variation of 2.52 degrees was obtained as 32.45 degrees. On the other hand, Fig. 3-2 (lower) shows the time history of the boom deployment angle estimated using the offline method. From this, the offline estimate of the boom deployment angle is given as 32.73 degrees.
There is no significant difference between the real-time estimate and the offline estimate. 5-1 shows the telemetry data (time history) of the angular velocity of the satellite in step (iv) (TX boom hinge 1 deployment). The boom deployment starts at approximately 80 s, and it leads to a variation in the pitch angular velocity. In this case, the pitch angle variation of the satellite body was confirmed to be −2.45 degrees from the telemetry monitor. Fig. 5 -2 (upper) shows the relation between the pitch angle of the satellite and the deployment angle of TX boom hinge 1. From the nominal case shown in this figure, the estimated deployment angle that corresponds to an attitude variation of −2.45 degrees was obtained as 31.93 degrees. On the other hand, Fig. 5-2 (lower) shows the time history of the boom deployment angle estimated using the offline method. From this, the offline estimate of the boom deployment angle is given as 32.30 degrees. There is no significant difference between the real-time estimate and the offline estimate. The estimation results of the boom deployment angle are summarized in Table 3 . The boom deployment angle estimates from the images captured by the monitor camera attached to the satellite are also shown as the reference. These results show that the condition for performing step (v) was met, i.e., the deployment angles of TX and RX boom hinge 1 are more than 30 degrees and less than 55 degrees after step (iv); further, this was confirmed by using three types of estimates.
The estimation of the boom deployment angle from the AOCS telemetry data was conducted in steps (i-iv). The deployment of LDRs was successfully performed after step (v), and it was completed on November 26, 2006 5) .
Conclusions
In this paper, we reported the estimation of the boom deployment angle of the ETS-VIII LDRs from the AOCS telemetry data. The conclusions are summarized as follows:
• By using angular momentum conservation during boom deployment, the boom deployment angle can be estimated offline from the angular velocity data of the satellite.
• If the effect of the residual angular momentum of the satellite can be ignored, the boom deployment angle can be estimated real-time from the attitude variation data of the satellite. This estimation method is based on the fact that the attitude variation of the satellite does not depend on the time history (trajectory) of the boom deployment angle.
• The estimation results of the boom deployment angle by the proposed methods are in good agreement with those from the monitor camera attached to the satellite. Therefore, it is expected that the condition for performing the boom deployment step (v) was actually met after the completion of step (iv).
